be at least as accurate as one part in one hundred thousand. Physical properties of a fluid which influence the accuracy obtainable with this configuration are discussed. It is found essential to use a Newtonian fluid in an isothermal state. A detailed mathematical analysis of the fluid motion determines limits for physical dimensions, frequency, and amplitude of rotor motion.
Introduction.-Integration, from the standpoint of mechanization, is the process of generating an output that depends on the summation of small increments determined by the input. The information involved may be represented in digital terms or it may be related to continuous variations of physical quantities. In this paper, digital devices are excluded from consideration and attention is concentrated on continuous-variable instruments that fall into the class of analoguetype' integrators. Mechanical integrators of this kind may depend on geometrical changes among rigid members in the fashion commonly used in ball-and-disk integrators, or the principle of torque summation by a rigid member may be applied to generate the output as a mechanical displacement. A number of other instrument-design schemesb are available for integrators, but for present purposes they will be disregarded. The discussion will emphasize special types of torque-summation integrators in which shearing action in a thin layer of viscous liquid is used to provide the essential effect.
Perfect Integrator.- Figure 1 is the basic functional diagram for any integrating Input Output device of the continuous-variable type Quantity
Integrator Quantity that has perfect performance.c The esq(()()int) sential characteristic for perfect performance is that the time rate of change of the The essential performance characteristic for a perfect a n c e A S t n a t t h e t i m e r a t e O I c n a n g e O I t n i n t e g r a t o r is output quantity be proportional to the dqior dq S(n t)[q(i,); q(oitq(v) ( input quantity. By definition, the ratio where of the time derivative of the output to the S(int)[q(n); ()l -input quantity -output quantity rate inputiis the input quantity-output quantity sensitivity of the integrator input is the input quantity-output quantity For a perfect integrator, the sensitivity is constant, so rate sensitivity of the integrator. The that important property of a perfect integrafq(out) 2 q(i, dt (2) tor is that this sensitivity is constant. and ti and t2
Illustrative Torque-Summation Integraq(out) -q(out)o S(int)[q(n);4(Ut)1 ) q(in)dt (3) tor. Figure 2 , a is a pictorial schematic diagram that shows the essential compon- ents of an illustrative torque-summation the generalized perfect integrator. integrator. The input quantity is torque supplied by an external operating component that is unaffected by any action of the integrator. This input is applied to the torque summing member, which is also subjected to drag from an integrating element that is essentially a viscous-shear damper. The integrator output is physically the angular position of the torque summing member with respect to the integrator case. This output is indicated by the position of an index fixed to the rotor with respect to a scale fixed to the stator. Figure 2 , b is a functional diagram for the integrator of Figure 2 , a. In practice, any change in the input torque will be absorbed in three ways: 
where '(tam) = moment of inertia of the torque summing member about the output axis Equation ( 2) may be written in the form 2. The characteristic timee of the integrator, which is equal to the moment of inertia of the torque summing member divided by the damper sensitivity.
If the interference torque, M(intfr), is negligibly small (that is, the integrator is ideal), the integrator performance equation has the form of a readily integrable first-order differential equation when the torque summing member angular velocity with respect to the case is considered to be the output quantity. Physically, this means that the output responds exponentially to a step-function variation of the input torque in such a way that 0.6321 of the change between constant levels is completed in one characteristic time. After several characteristic timesf have elapsed, the effects of inertia reaction are negligible and the ideal integrator behaves effectively as a perfect integrator. This situation is shown graphically by the plot in Section b of Derivation Summary 1.
In graphical form, Eq. (7) 
Similarly, the angle itself will vary sinusoidally; i.e., A(int) ' (ant)a jwt (10) Here the integrator establishes a dependence of A(nt) on M(in) of the form grator output on forcing frequency. The dimensionless sensitivity ratios and the corresponding dynamic response angles are expressed as functions of the dimensionless characteristic time-forcing frequency productt. response angle is zero. These conditions mean that the integrator sensitivity has a constant magnitude, and no time lag exists between input changes and the corresponding output response. The plots show that the dimensionless sensitivity ratio .0.001 0.01 NUMBERS 0.1 ward slope of unity on the logarithmic-scale plot. The corresponding dynamic response angle for perfect integration is minus ninety degrees. Viscous-Shear Integration for Gyroscopic Devices.-Gyroscopic devices generating signals that represent small angular deviations from inertial-space references require high-quality mechanical integration when good accuracy is necessary. The need for integration arises because, except for celestial bodies, natural positional references fixed to inertial space do not exist. It is, however, possible to measure angular velocity with respect to inertial space by means of suitable instruments. A spinning rotor whose axis is free to turn has the property of responding to an applied torqueh by changing its spin-axis orientation with respect to inertial space (i.e., it precesses) at an angular velocity that is proportional to the magnitude of the torque. This means that gyroscopic elements may be used to provide the essential receiving components in devices to produce outputs that represent angular velocity referred to inertial space. Integration of these outputs is necessary when angular displacements with respect to inertial space are to be indicated. The nonrotating orientational references required in measuring these angles must be established instrumentally by associating gyro-unit outputs with physical positions of the gyro units themselves.
In practice, a very wide range of angular velocity magnitudes must be accurately integrated if orientation changes are to be indicated with high accuracy. Shear in viscous liquids offers a means for realizing integration of the quality required for high-performance gyro units. In the next section, it is shown how servomechanism techniques may be applied in ways that make it possible to restrict integrator action within ranges limited to relatively small angles. However, there is no way to escape the necessity of accurate integration over the full range of angular velocity magnitudes that exist in any given situation.
The primary object of this paper is to discuss the conditions that must be fulfilled by viscous-shear integration for gyro-unit applications in order to meet the requirements imposed by physical equipment, fluid mechanics, and liquid properties. To restrict the scope of the problem considered, the important case of the singledegree-of-freedom gyro unit will be used as an illustrative example. This is not to be taken, however, as meaning that viscous-shear integration does not have great usefulness for many other practical situations.
Single-Degree-of-Freedom Integrating Gyro Unit.- Figure 4 is a pictorial diagram illustrating the essential features of a single-degree-of-freedom integrating gyro unit.2 A gyro rotor spun at a constant speed by an alternating-current synchronous motor is mounted on preloaded ball bearings in a gimbal that is enclosed by a hermetically sealed cylindrical shell filled with helium. The helium acts as a neutral atmosphere and serves as a medium for producing an even temperature distribution over the parts of the shell. The weight of the gimbal-motor-shell combination and associated components (collectively known as the float) is adjusted so that it is almost perfectly supported by buoyant force in a fluid that completely fills the clearance volume between the float and the hermetically sealed case of the unit. The float is pivoted within the case by watch-jewel-type bearings that, because of the low residual loads, introduce substantially no friction to resist float rotation. The pivots are carried on axial extensions from the gimbal float shell. On one-end, the extension carries the rotor of an alternating-current signal gen- In any actual single-axis gyro unit, a number of features must be incorporated that, in the interests of simplicity, are omitted from Figure 4 . For example, the flexible leads used to make electrical connections from the external terminals to the gyro drive motor are not shown. It is important that the torque applied by these rotor-drive power connections to the float be kept within tolerable levels. The required performance is achieved by using thin, flat wires of good mechanical properties formed intQ semicircles that, in their undistorted shape, accurately fit between the terminals on the case and also those on the float when the float is in its null signal position. In practice, lead-in systems with these features can be designed to impose satisfactorily low torques on the float.
An angular velocity of the gyro unit case about the input axis, which is at right angles to the output axis and to the spin axis when the signal output is at its nulllevel, causes a gyroscopic rotor output torque to act on the gimbal. This output torque is the result of the tendency of the rotor to align its spin axis with the angular velocity vector along the input axis. the case just balances the gyroscopic output torque.! This situation occurs when the rate of rotation of the gimbal with respect to the case is sufficient to generate a resisting torque due to viscous shearing action that is equal in magnitude to the magnitude of the torque from the gyroscopic element. The corresponding rate of change of the output voltage from the signal generator is directly proportional to the angular velocity of the gimbal with respect to the case. From the standpoint of gyro unit operation, the resultant effect of the actions just described is a rate of change of the gyro-unit output signal that is proportional to the rate of change of the case orientation with respect to inertial space about the input axis. When the input angular velocity and the output voltage rate are integrated between the same instants in time, the change in the output signal for any interval within which the unit is operating properlyk is proportional to the angular displacement of the case about the input axis that occurs during the same time period. Single-Axis Geometrical Stabilization of a Servodriven Controlled Member by an Integrating Gyro Unit.-To illustrate the basic action of an integrating gyroservodrive combination for providing geometrical stabilization, Figure 5 as a line schematic diagram representing the essential features of a controlled member carrying a single integrating gyro unit with its input axis along the axis of rotation of the servodrive system. With no input current applied to the gyro unit and with the gimbal in the position at which the gyro output signal has its null level (that is, with the spin axis along the spin reference axis, so that the gimbal angle is zero'), any rotation of the controlled member about the input axis will cause the gyro gimbal to turn with respect to the gyro unit case about the output axis. The resulting angular displacement is picked up by the signal generator and sent through slip rings to the power control system. The output of the power control system is the input for the drive motor, which is caused to produce a torque on the controlled member that acts to cause rotation in the proper direction for forcing the gyro gimbal back toward its null-output-voltage position. The continual cycling of the system with this action causes the controlled member to maintain a position that is effectively identical with the inertial-space reference orientation of the gyro unit case. The reference orientation of the controlled member may be changed by introducing a command signal in the form of an input current to the gyro unit. This current causes the torque generator to apply a torque that starts to turn the gyro gimbal away from its null-signal position and produces a corresponding gyro unit output signal, which is the input for the servo system. The result is that the drive motor output torque turns the controlled member in the proper direction to cause the gyro rotor output to act against the output from the torque generator. For a constant input current, the steady-state condition is reached when the servo drives the controlled member at a rate for which the gyro rotor output torque just balances the torque generator output torque. By making use of this action, the controlled member reference orientation may be changed at will. In any given situation, when the desired orientation is reached, the input current is reduced to zero. The gyro unit-servo combination will then stabilize the controlled member with respect to the new inertial-space reference orientation. The action under the dynamic conditions due to input variations is essentially the same as the action under constant input commands except that the gyro unit behaves as a first-order system with a time constant equal to the characteristic time of the unit.
The Basic Problem of Viscous-Shear Integration.-Viscous-shear integration depends on the possibility of realizing practical devices in which the drag acting between two rigid-body members is accurately proportional to the relative velocity of the members. The factors that must be taken into account if this condition is to be fulfilled are the matters of primary interest for this paper. In order to have a reasonably definite range of problems for discussion, attention will be restricted to integrators with torque inputs and angle outputs and having the general rotorstator configuration that is illustrated in Figure 2 . As a further step in defining the situation under consideration, it will be assumed that the circumstances under which integration is to be used are generally similar to those imposed by a single-degreeof-freedom integrating gyro unit operating as the angular deviation receiver in one component of a servodriven geometrical stabilization system. This means that the viscous-shear integrator does not have to operate with a long-continued unidirectional torque input. Rather, the integrator is subjected to inputs that reverse frequently as the normal hunting action of a feedback control system occurs, with the additional restriction that the displacement of the rotor with respect to the stator never exceeds a small angle.
Information Summary 1 gives an illustrative pictorial diagram of a typical viscous-shear integrator that might be applied for single-degree-of-freedom gyro unit purposes. The essential part of the rotor is a cylindrical surface located with rotational freedom inside of a coaxial shell that serves as the stator. Except for holes required for the end shafts, the flat ends of the rotor are covered by plates with axial separations approximately equal to the radial gap distance. All clearance volumes are completely filledm with viscous fluid. In practice, means are provided for holding the integrator at a substantially constant temperature.
From the standpoint of fluid mechanics, which should be the limiting factor in integrator performance, the theoretical problem to be considered is this: Given two precisely aligned concentric cylinders with the clearance between them filed with a viscous fluid, what are the limitations and possibilities for realizing a drag torque on VOL. 45, 1959 ENGINEERING: DRAPER AND FINSTON 541 the inner cylinder that is accurately proportional to the angular velocity between the cylinders? Stated in this way, considerations of inertia-reaction torque components and bearing friction do not enter the problem. Thermal control removes complications due to externally imposed temperature changes, although heat generated by motion within the body of the fluid must be taken into account. In actual viscousshear integrators, the practice of using substantially perfect flotation for the inner cylinder and removing residual bearing loads by magnetic or electrostatic field devices, following the general principles used by Beams,9 makes it possible to effectively eliminate bearing friction. The following sections of this paper are devoted to a discussion of the theoretical and practical fluid-mechanics problems that must be solved in order to obtain-high-accuracy integration. The results of this discussion show the configuration features and fluid properties that are important in determining the performance of viscous-shear integrators. Quantitative relationships are established between these factors and the performance to be expected. These quantitative data are applied to a situation that is typical of current practice.
Fluid Properties and Configuration Conditions.-On the basis of the foregoing discussion, the problem of interest for this paper is that of examining the factors that determine the flow of a liquid between the rotor and stator. From the standpoint of the physical situation, the objective is to provide viscous damping that is directly proportional to the motion of the rotor with respect to the stator, with a minimum time lag. It will be seen later that it is desirable to make the clearance between rotor and stator as small as possible. A lower limit might be expected when this distance is comparable with the average distance between molecules. It can be shown that there are about 1021 molecules per cubic centimeters This means that the molecules are on the average located with approximately 10-7 cm between their centers.' It follows that a lower limit on the gap for satisfactory operation should be well below 10-cm.
Obviously, it is necessary to use a liquid that is Newtonian, i.e., one in which the viscosity is independent of shear rate. Large molecules that are appreciably nonsymmetric have a tendency to take on a preferred orientation under shear in a fixed direction. During the process, the apparent viscosity changes. From Sir Geoffrey Taylor's discussions of this matter, it appears that such trends would be reduced in the oscillatory motions that are of primary interest here. Also, the liquids used have only moderately large molecules, with no great degree of asymmetry, and give no practical evidence of non-Newtonian behavior in practice.
Finally, it is well known that viscosity is generally temperature-dependent, so that isothermal conditions are needed. At the speeds involved, viscous dissipation is small. Also, the fluid is in intimate contact with a mass of metal several orders of magnitude greater than that of the fluid. By control of the rotor and stator temperatures, essentially isothermal conditions can be assured.
Misalignment between the stator and rotor will cause pressure gradients to develop. These produce errors in two ways: (1) differential compression of the fluid can change the buoyancy characteristics and (2) the pressure field can have a nonvanishing resultant force and moment that will be sensed by the rotor. For the motions involved in the present application, the modulus of compressibility is so low that the flow is essentially incompressible. As to the second point, Leroux Summary 1 used as a viscosimeter, the error in measured viscosity due to eccentricity is proportional to the square of the eccentricity. The discussion that follows assumes these effects to be negligible and, in fact, the authors have found it possible to achieve this in practice. Finally, the slight pressure gradients that may occur will tend to reduce misalignment.
With the foregoing comments in mind, an analysis can be made of the damping caused by viscous resistance when the rotor moves relative to the stator. The fluid is assumed to be Newtonian, incompressible, and in an isothermal condition. The configuration is taken as a pair of exactly concentric cylinders. At the ends, there is also some resistance to relative motion, but the area involved is small compared with the cylindrical surfaces and the shear and lever arm decrease toward the center. For purposes of analysis, then, the cylinders are considered to be infinite and the damping moment per unit axial length is computed. Under these conditions, the flow pattern is independent of axial and angular position and is a function only of the independent variables t and r.
Theoretical Analysis.-The well-known nonlinear Navier-Stokes equations that govern the motion of the fluid then reduce to the single, linear diffusion type given by equation (1) Continuous, Newtonian, incompressible, and isothermal.
Configuration:
Exactly concentric infinite cylinders. Restrictions on Flow:
Fluid moves in concentric circles independent of angular or axial position, so that the fluid motion is a function of the independent variables t and r only. (12), Goldstein (13) , Lamb (14) , and SchlichtinS (15) , for example.
Assumption Smmary 1. Fluid properties, configuration, and mathematical formulation of fluid motion.
VOL. 45, 1959 ENGINEERING: DRAPER AND FINSTON 543 (2) as one boundary condition. It also adheres to the rotor, so that V(11) is some arbitrary function of time when r = r(ir). However, the linearity of equation (1) means that it is sufficient to consider any harmonic component of the rotor motion as in equation (3). Finally, there is no loss in generality in choosing the system to be at rest initially, from which (4) results. It will also be convenient later to make use of the identity (5). (3) and (4) in equation (1), where the summation over i is over all of the roots of equation (2) . The first of the three groups of terms under summation, Pic-`i represents ransients that occur as the fluid is accelerated from rest. The third group, Pi cos Aft, is associated with the lag between the angular velocity of the rotor and the induced viscous damping motion. This is exhibited clearly in equation (5), noting the definitions of A and 4 given in equations (6) and (7). For the kind of performance desired, both the transient effects and the lag effects must be small. The first of these two requirements obviously means that (v42) must be large, or that (u'2) ', which is defined as the ith root characteristic time of the fluid, (CT)()i, must be very small. The second requirement means that tan 4 must also be made small. The operating range with respect to forcing frequency can be seen from Figure 3 to be as given in (21), with the result that -qf should be less than 104/sec. In the typical case considered, af < 102/sec, which is well within the limits. From (16) and (23), the error in evaluating the right-hand side of (17) as a constant is less than 10-6 percent.
OUTPUT Lees"8 has performed experiments as described in Information Summary 2 with the equipment shown in Figure 7 . For the present purpose, it is sufficient to consider only his examination of inaccuracies when the input is an arbitrary motion of the case from rest and back. This is caused by motion of the turntable to which the case is bolted. The inner cylinder is floated and supported in the manner described earlier. It has a pointer-indicator that gives the relative displacement of the inner and outer cylinder. Note that in this test setup it is convenient to induce fluid motion by moving the outer cylinder, rather than treating it as a stator as heretofore. Introduction.-It is generally conceded by students of evolution that fitness of individuals in a natural population is conferred through phenotypic differences controlled by contrasting allelic genes, termed isoalleles. These phenotypic differences are slight in contrast to those usually associated with wild-type genes and their common laboratory mutant alleles. Consequently, the convincing demonstration of isoallelic differences and their genotypic basis has been difficult. Perhaps the best such analysis has been made of wild-type isoalleles associated with the c.i. locus of the fourth chromosome of Drosophila melanogaster by Stern and Schaeffer.' While this demonstration is convincing, the near absence of crossing over in the fourth chromosome precludes the unqualified conclusion that the differences uncovered are inherent exclusively to the c.i. isoalleles and not, for example, in part or wholly to closely linked loci.
A number of facts suggested that the white eye color (w) locus of D. melanogaster was particularly favorable for both uncovering distinctive wild-type isoalleles and for demonstrating their genotypic basis. In 1932 Timofeeff-Ressovsky2 reported that two wild-type stocks of dissimilar origin, designated American and Russian, differed significantly in their x-ray induced mutability at the w locus. Utilizing Timof6eff's stocks, Muller3 showed that when each w+ X-chromosome was separately compounded with two w mutant alleles in triploid 9 9 and compared phenotypically, a clear-cut eye color difference could be seen thereby further demonstrating the distinctiveness of the w+ alleles.
The finding that the w locus is pseudoallelic4, 5composed of four recombinationally separate loci6 motivated this reexamination of the wild-type isoalleles. It appeared theoretically possible through the use of mutant pseudoalleles to pinpoint the isoallelic differences to one or more recombinational sites of the w locus and hence to establish unequivocally that contiguous, nonallelic loci are not involved.
Phenotypic Separation of the Isoalleles.-Since the wild-type stocks used by Timofeeff are no longer extant a search for similar or identical ones among existing wild-type Drosophila strains was undertaken. Identification of distinctive wild-
